Background: Longitudinal associations between leukocyte subtype counts and LDL cholesterol have not been reported. Methods and Results: This is a retrospective observational study in a health screening population. Spearman's correlation coefficients were calculated between leukocyte subtype counts and LDL cholesterol levels at baseline and after four years. Using Cox regression models, hazard ratios (HRs) of hyper-LDL cholesterolemia for leukocyte subtype counts during four years of follow-up were calculated adjusted for age, sex, high-sensitivity C-reactive protein (hs-CRP) and other confounders. Spearman's correlation coefficients (p values) between changes in counts of neutrophil, lymphocyte, monocyte, basophil and eosinophil and changes in LDL cholesterol levels through 4 years were 0.02 (0.494), 0.12 (<0.001), 0.06 (0.016), 0.02 (0.524) and 0.03 (0.257), respectively among 1735 subjects who visited our medical check-up center, did not use anti-hyperlipidemic drugs and revisited after 4 years. Among 1992 followed subjects, 481 developed hyper-LDL cholesterolemia during four years (60.4 per 1000 personyears). The HRs (95% confidence intervals; p values) of hyper-LDL cholesterolemia for each one SD increase in counts of neutrophil, lymphocyte, monocyte, basophil and eosinophil were 1.08 (0.99e1.19; 0.085), 1.14 (1.04e1.25; 0.005), 1.05 (0.95e1.15; 0.339), 1.01 (0.92e1.11; 0.858) and 1.04 (0.95e1.14; 0.397), respectively. Conclusions: Lymphocyte count and LDL cholesterol were longitudinally positively correlated and lymphocyte count was associated with incidence of hyper-LDL cholesterolemia independently of hs-CRP in a health screening population.
Introduction
While low-density lipoprotein (LDL) cholesterol remains the most important risk factor for atherosclerosis, immune and inflammatory mechanisms of atherosclerosis have gained tremendous interest in the past 20 years [1, 2] . In 1979, the adherence of monocytes to the endothelium and the presence of monocytes within the intima of hypercholesterolemic swine arteries were reported [3] . Although, initially, investigators thought that only macrophages are predominantly present within atherosclerotic vessels, several studies reported the presence of most known leukocyte subtypes such as T and B lymphocytes, natural killer cells (NK) and NKT cells, macrophages, dendritic cells and mast cells within atherosclerosisprone arteries [2, 4] . Thus, atherosclerosis is thought to be a chronic inflammatory disease and an increasing body of evidence suggests that the immune system actively participates in the initiation, progression and persistence of atherosclerosis [5] . The presence of inflammatory cells in atherosclerotic lesions depends on the rate of their recruitment and egress and the balance of proliferation, survival, and apoptosis within the arterial wall. Total leukocyte count in peripheral blood is associated with coronary heart disease among patients with diabetes [6] and an independent predictor of cardiovascular disease and all-cause mortality in postmenopausal women [7] . A pro-inflammatory role for neutrophils is also suggested in the development of atherosclerosis [8] . Leukocyte subtype counts in peripheral blood may be associated with complex dynamic processes in atherosclerotic lesions. The previous literature on leukocyte counts has largely focused on total leukocyte and neutrophil counts, and smoking is a key determinant of total leukocyte and neutrophil counts. However, studies on the associations between leukocyte subtype counts and cardiovascular disease or its risk factors are sparse and controversial [9e19] and there has been no report regarding a longitudinal association between leukocyte subtype counts and LDL cholesterol. In the present retrospective observational study, longitudinal associations between leukocyte subtype counts and LDL cholesterol were investigated in a health screening Japanese population. The protocol for this study was approved by the ethics committee of Tachikawa Medical Center.
Subjects and methods

Subjects
Between April 2008 and March 2009, 3866 subjects visited our medical check-up center for annual health screening and gave signed informed consent. The visitors were required to fill out a questionnaire including questions about their history of ischemic heart disease and stroke, smoking and drinking status, level of physical activity and use of antihypertensive, antidiabetic and antihyperlipidemic drugs. Among them, 1735 subjects did not use antihyperlipidemic drugs and revisited our medical check-up center between April 2012 and March 2013, and were included in the longitudinal correlation study. Subtracting 1278 subjects with hyper-LDL cholesterolemia from the 3866 subjects, 2588 subjects became potential candidates for the follow-up study. Among them, 1992 subjects revisited our medical check-up center between April 2009 and March 2013 and were actually followed. Hyper-LDL cholesterolemia was defined as LDL cholesterol !140 mg/dL according to the Guidelines by Japan Atherosclerosis Society [20] and/ or use of antihyperlipidemic drugs.
Measurements
After an overnight fast, blood samples were obtained to measure blood levels of routine medical check-up parameters including LDL cholesterol, high-sensitivity C-reactive protein (hs-CRP) and leukocyte subtype counts. Chemical measurements were performed at BML Nagaoka (Nagaoka, Japan) with routine laboratory methods except for hs-CRP which was measured at BML General Laboratory (Tokyo, Japan) with nephelometry using N-latex CRP-2 (Siemens Healthcare Japan, Tokyo, Japan). The measurement limit of hs-CRP was 0.02 mg/L and the level of hs-CRP less than the measurement limit was considered as 0.01 mg/L. LDL cholesterol was measured with a direct surfactant method using Choletest-LDL (Sekisui Medical Inc., Tokyo, Japan). Leukocyte subtype counts were measured with flow cytometry using XE-2100 (Sysmex Inc., Kobe, Japan) where the subtypes were determined based on FSC/SSC. Average systolic and diastolic blood pressures were calculated from two measurements in a sitting position after each 5 min rest. Body weight was measured with the subjects wearing light clothes provided by our center and the weight of the clothing was subtracted from the measured body weight. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters.
Statistical analysis
Correlation study
Laboratory data at baseline and after 4 years were compared by paired t-tests. Spearman's correlation coefficients between leukocyte subtype counts at baseline and after 4 years and their changes through 4 years and LDL cholesterol levels at baseline and after 4 years and their changes through 4 years were calculated.
Follow-up study
Baseline data were compared between potential candidates and actually followed subjects. Baseline data of the actually followed subjects were also compared between subjects who developed hyper-LDL cholesterolemia and those who did not.
Using Cox regression models in which years were used as a unit of the survival variable and drop-out subjects were considered, hazard ratios (HRs) of hyper-LDL cholesterolemia for one SD increase in counts of neutrophil, lymphocyte, monocyte, basophil and eosinophil were calculated adjusted for hs-CRP, sex, age, current smoking, daily drinking, physical activity, history of ischemic heart disease and stroke, and use of antihypertensive and antidiabetic drugs (Model 1), and farther adjusted for LDL cholesterol per se (Model 2). Physical activity was defined as walking for 1 h or longer per day or exercising for 30 min or longer twice or more per week.
The HR calculations were repeated separately in 497 smokers and 1495 nonsmokers and after the redefinition of hyper-LDL choesterolemia as LDL cholesterol !160 mg/dL and/or use of antihyperlipidemic drugs.
Incidence of hyper-LDL cholesterolemia expressed per 1000 person-years and hazard ratio (HR) of hyper-LDL cholesterolemia adjusted for Model 1 were calculated for each quartile of lymphocyte count. The lowest quartile of lymphocyte count was used as reference group for the calculation of HRs.
Statistical analyses were performed using Dr-SPSS-2 (IBM Japan, Tokyo, Japan). Means were compared with paired or unpaired twosided t-tests and percentages were compared with chi-squared tests. Except for correlation coefficients, p values of lower than 0.05 were considered statistically significant. For correlation coefficients, p values of lower than 0.001 were considered statistically significant.
Results
Correlation study
Laboratory data at baseline and after 4 years of the subjects in the correlation study are presented in Table 1 . The neutrophil, lymphocyte and monocyte counts and HDL cholesterol were significantly lower and basophil count, diastolic blood pressure, and fasting glucose were significantly higher after 4 years than at baseline. Spearman's correlation coefficients between leukocyte subtype counts and LDL cholesterol are shown in Table 2 . Among the 5 leukocyte subtype counts at baseline, only lymphocyte count was significantly positively correlated with LDL cholesterol both at baseline and after 4 years. Among the 5 leukocyte subtype counts after 4 years, only lymphocyte count was significantly positively 
Follow-up study
There were no significant differences in the baseline data between the candidates and followed subjects. Among the 1992 followed subjects, 481 (60.4 per 1000 person-years) developed hyper-LDL cholesterolemia during 4 years (mean of 3.1 years). Baseline data stratified according to the development of hyper-LDL cholesterolemia are shown in Table 3 . The means of age, BMI, lymphocyte count, LDL cholesterol, triglycerides and alanine aminotransferase were significantly higher while the mean of HDL cholesterol and the prevalence of daily drinking were significantly lower in subjects who developed hyper-LDL cholesterolemia than those who did not.
Hazard ratios of hyper-LDL cholesterolemia for each one SD increase in leukocyte subtype counts are presented in Table 4 . Among the 5 leukocyte subtype counts, only lymphocyte count was significantly associated with the incidence of hyper-LDL cholesterolemia in Model 1 while no leukocyte subtype count was significantly associated with the incidence of hyper-LDL cholesterolemia in Model 2 in all subjects and non-smokers. No leukocyte subtype count was significantly associated with the incidence of hyper-LDL cholesterolemia in smokers.
When hyper-LDL cholesterolemia was redefined as LDL cholesterol !160 mg/dL and/or use of antihyperlipidemic drugs, among 3492 candidate subjects at baseline, 2423 subjects (607 smokers and 1816 nonsmokers) revisited between April 2012 and March 2013, and 233 subjects (58 smokers and 175 nonsmokers) developed hyper-LDL cholesterolemia during 4 years. HRs of the redefined hyper-LDL cholesterolemia for each one SD increase in leukocyte subtype counts are presented in Table 5 . No leukocyte subtype count was significantly associated with the incidence of hyper-LDL cholesterolemia. However, lymphocyte count was marginally associated with the incidence of hyper-LDL cholesterolemia in Model 1 in all subjects and non-smokers.
Incidence and hazard ratio (HR) of hyper-LDL cholesterolemia for each quartile of lymphocyte count are shown in Table 6 . There were significant associations between the quartile of lymphocyte count and the incidence (p for trend ¼ 0.036) as well as the hazard ratio (p for trend ¼ 0.005) of hyper-LDL cholesterolemia. 
Discussion
In the present longitudinal study, the baseline lymphocyte count was significantly positively correlated with the LDL cholesterol levels after 4 years, the changes in lymphocyte count were significantly correlated with the changes in LDL cholesterol and the baseline lymphocyte count was associated with the incidence of hyper-LDL cholesterolemia adjusted for hs-CRP, a marker of nonspecific inflammation, in a health screening population. However, lymphocyte count was not significantly associated with the incidence of hyper-LDL cholesterolemia after further adjusted for LDL cholesterol itself, and it was not significantly associated with the incidence of hyper-LDL cholesterolemia in smokers. Therefore, leukocyte count may not be a clinically useful predictor of hyper-LDL cholesterolemia and an increase in neutrophil count in smokers might confound the association between lymphocyte count and hyper-LDL cholesterolemia.
Total leukocyte count was associated with obesity, hypertension, hypercholesterolemia, hypo-HDL cholesterolemia, hypertriglyceridemia, hyperglycemia, hyperuricemia and metabolic syndrome (MetS) [21e23]. Total leukocyte count and hs-CRP equally predicted development of MetS, but both are poor predictors of MetS in a health screening Japanese population [24] , although hs-CRP is superior to total leukocyte count as an inflammatory component of MetS in a cross-sectional study [25] . Total leukocyte count is also reported to be a predictor of coronary heart disease [6] , even after adjusted for hs-CRP [7] .
Cross-sectional associations between leukocyte subtype counts and cardiovascular risk factors are controversial [9e14]. Oda et al. previously reported that the lymphocyte count was significantly associated with hyper-LDL cholesterolemia, hypertriglyceridemia, and hypo-HDL cholesterolemia in men and hyper-LDL cholesterolemia in women [15] .
Regarding longitudinal associations between leukocyte subtype counts and disease progression in high-risk populations, Nozawa et al. reported that monocyte count, but not lymphocyte or neutrophil count, was associated with coronary plaque progression after acute myocardial infarction [16] . Giugliano et al. reported that neutrophil count, but not lymphocyte or monocyte count, was associated with increased cardiovascular risk in patients with peripheral artery disease [17] . Papa et al. showed that neutrophil to lymphocyte ratio was an independent predictor of cardiac mortality in patients with stable angina [18] . ó Hartaigh et al. reported that neutrophil count and neutrophil to lymphocyte ratio was independent predictors of cardiovascular mortality in a high-risk population [19] .
The present study demonstrated that the lymphocyte, not neutrophil or monocyte, count was associated with the incidence of hyper-LDL cholesterolemia in a health screening population after adjusted for hs-CRP, a marker of non-specific inflammation, and that the changes in lymphocyte count were significantly correlated with the changes in LDL cholesterol. Although exact mechanisms underlying the association between baseline lymphocyte count and incidence of hyper-LDL cholesterolemia are unknown, the crosssectional positive correlation between lymphocyte count and LDL cholesterol levels might play an important role because this association between baseline lymphocyte count and incidence of hyper-LDL cholesterolemia became non-significant after further adjusted for LDL cholesterol levels at baseline. Atherosclerosis starts with an innate immune response involving the recruitment and activation of monocytes that respond to an excessive accumulation of modified lipids within the arterial wall, followed by an adaptive immune response involving antigen-specific T lymphocytes [8] . Thus, the following scenario can be speculated. Increased LDL cholesterol levels result in an excessive accumulation of modified lipids within the arterial wall and subsequent recruitment and activation of monocytes, followed by the recruitment of lymphocytes which respond antigen-presenting activated macrophages, and this recruitment and activation of lymphocytes may stimulates the proliferation and mobilization of lymphocytes from lymphoid tissues, resulting in an increased lymphocyte count in peripheral blood. In contrast to the above reports that monocyte and/or neutrophil counts, not lymphocyte count, were associated with disease progression in high-risk populations with advanced atherosclerotic diseases, the present results suggest that adaptive immune mechanisms mediated by lymphocytes may importantly participate in early stages of atherosclerotic lesion formation in accord with hyper-LDL cholesterolemia beyond innate immune mechanisms mediated by monocytes and neutrophils.
Limitations
The present study was a retrospective observational study and the subjects were not recruited from a general population but recruited from a general health screening population. The number of subjects might be inadequate to find a significant association between lymphocyte count and hyper-LDL cholesterolemia when it was defined as LDL cholesterol !160 mg/dL and/or use of antihyperlipidemic drugs. Detailed information about demographic backgrounds and dietary habits was not available and lymphocyte subtypes were not measured in this study.
Conclusions
The present study demonstrated that lymphocyte, not neutrophil or monocyte, count, was significantly associated with incidence of hyper-LDL cholesterolemia adjusted for hs-CRP, a marker of non-specific inflammation, and lymphocyte count and LDL cholesterol were longitudinally positively correlated with each other. The present results suggest that the adaptive immune system mediated by lymphocytes may importantly participate in early stages of atherosclerotic lesion formation associated with hyper-LDL cholesterolemia beyond innate immune mechanisms mediated by monocytes and neutrophils.
